Cardiovascular diseases related to myocardial infarction (MI) contribute significantly to morbidity and mortality worldwide. The loss of cardiomyocytes during MI is a key factor in the impairment of cardiac-pump functions. Employing cell transplantation has shown great potential as a therapeutic approach in regenerating ischemic myocardium. Several studies have suggested that the therapeutic effects of stem cells vary based on the timing of cell administration. It has been clearly established that the myocardium post-infarction experiences a time-dependent stiffness change, and many studies have highlighted the importance of stiffness (elasticity) of microenvironment on modulating the fate and function of stem cells. Therefore, this chapter outlines our studies and other experiments designed to establish the optimal stiffness of microenvironment that maximizes benefits for maintaining cell survival, promoting phenotypic plasticity, and improving functional specification of the engrafted stem cells.
Introduction
Cardiovascular diseases related to myocardial infarction (MI) contribute significantly to morbidity and mortality worldwide despite advancements in medicine. The loss of cardiomyocytes during MI is a key factor in the impairment of cardiac-pump function due to the limited regenerative capacity of heart tissues. Using cell transplantation to regenerate ischemic myocardium has been considered as a new potential therapeutic approach to replace the lost or damaged cardiac cells. The results from experimental studies have suggested that transplanted stem cells can promote cardiac functional recovery after acute myocardial infarction (AMI) [1] [2] [3] [4] . Mesenchymal stem cells (MSCs) are a particularly attractive option because they are both multipotent and immune privileged. There is some evidence that stem cells can improve cardiac function in patients suffering from AMI [5] [6] [7] [8] . It has also been demonstrated that the ability of stem cells to repair the myocardium is not only dependent on the transdifferentiation of stem cells into cardiac phenotypes [9] [10] [11] , but also on the protection of the native myocardium which is mediated primarily by paracrine factors released from stem cells [1, 3] . However, several studies have suggested that the therapeutic effects of stem cells are varied based on the timing of cell administration [12] [13] [14] . An analysis of seven trials with 660 patients indicated that bone marrow stem cells (BMSCs) transferred at 4-7 days post-AMI is superior to that within 24 h in improving cardiac function [14] . It has been observed that stem cell therapy at 1 week after AMI facilitates integration of transplanted cells and functional recovery [13] . The optimal efficacy of bone marrow stem cell therapy at 7-14 days after MI may result from non-VEGF dependent angiogenesis [15] . Cell transfer within 24 h post-AMI does not augment recovery of global left ventricular contractile function [8] . Therefore, the optimal window of opportunity for stem cell therapy for MI might range in the period from day 5 to week 2 after the infarction [13] [14] [15] .
The microenvironment around transplanted cells after MI potentially plays an essential role in deciding the optimal timing of cell therapy [15] . Many studies have highlighted the importance of stiffness (elasticity) of myocardium and composition of the extracellular matrix (ECM) on modulating the fate and function of stem cells including renewal, proliferation, differentiation, and regenerative potential [16] [17] [18] [19] [20] [21] . Thus, the optimal stiffness of myocardium within a certain time frame post-AMI might offer some benefits for maintaining cell survival, promoting phenotypic plasticity, and improving functional specification of the engrafted stem cells [15] .
The Myocardium Post-infarction Experiences a Time-Dependent Stiffness

Change
In most soft tissues, cells added to an ECM establish a relatively elastic microenvironment. Myocardial stiffness is an index of muscle properties and is important in understanding normal and abnormal physiology [22] . Titin is a large elastic protein that extends across each half-sarcomere and is stretched in diastole when the sarcomere relaxes. However, at long sarcomere lengths or in damaged cardiomyocytes, collagen in the ECM increasingly contributes to stiffness and changes in a time-dependent manner from flexible to rigid following MI [23] . This translates into myocardial loss, subsequent remodeling, progressive ventricular dilatation, and fibrosis. Cardiomyocytes first undergo irreversible cell death, inducing an acute inflammatory reaction in the ischemic myocardium. Neutrophils and macrophages then quickly infiltrate the infarct region and release inflammatory mediators and matrix metalloproteinases (MMPs) to degrade ECM between 24 and 72 h [24] . Given that cardiomyocytes possess limited regenerative capacity, the spared myocardium becomes composed of the surviving hypertrophic cardiomyocytes as well as remodeling and degradation of the surrounding ECM resulting in scar formation. Finally, a matured collagen-rich reparative scar is formed to replace the extensive loss of cardiomyocytes in the infarct zone [25] . During this period, the proper balance between ECM synthesis and degradation is critical for optimal infarct healing. Excessive ECM accumulation increases wall stiffness and impairs compliance, leading to diastolic dysfunction [25, 26] . Atomic force microscopy has been used to map myocardial elasticity and establish the baseline elastic modulus for normal heart muscle at 18 ± 2 kPa [4] . The stiffness of infarcted myocardium between 1 to 24 h after AMI is relatively soft (4-17 kPa) [27] . Two weeks postischemia, infarcted myocardium formed significant fibrosis, with a similar threefold increase in the elastic modulus (55 ± 15 kPa). Injection of MSCs exhibited a significantly softer tissue modulus (40 ± 10 kPa) compared to the infarcted area in animals without MSC treatment [4] . This potentially indicates that the stiffness of infarcted myocardium may play a significant role in the post-infarction remodeling process and any intervention that softens the infarct region may reduce deleterious remodeling.
The Role of Environmental Stiffness on Function and Fate of Stem Cells
Successful engraftment and survival of stem cells are the most important factors when assessing the effectiveness of stem cell therapies [28] . Implantation of stem cells via intramyocardial or coronary injection is plagued by limited cell retention and survival due to the lack of ECM in the infarcted myocardium [29, 30] . Injected or transplanted cells remain at the site of treatment only for a very short duration, leading to reduced therapeutic efficacy of the transplanted cells [30] [31] [32] . Cells delivered into the heart are rapidly redistributed to the lungs, liver, spleen, other organs throughout the body, or/and cleared by the lymphatic system [33] . The infarct region is poorly oxygenated, contains dead and apoptotic cells, and has a progressively increasing stiffness, which does not support the viability and well-being of implanted cells [33] . Transplanted cells do not survive in this hostile environment in the early days after MI and most cells die within 4 days after transplantation [34, 35] . Acute retention of stem cells varies depending upon route of delivery. In an elegant study utilizing radiolabeled bone marrow mononuclear cells [36] , only 11 ± 3 % of cells remained in the heart just 90 min after intramyocardial injection. The low intrinsic capacity to differentiate into cardiomyocytes may also influence their direct participation in myocardial regeneration. However, stem cells are able to feel and respond to the mechanical rigidity of a matrix changes in their mechanical environment [37, 38] . Cameron et al. [39] have recently reported that loss of rigidity has an influence on differentiation and proliferation of stem cells. Generally, soft matrices promoted significantly more proliferation and chondrogenic differentiation, whereas hard matrices promoted osteogenic differentiation [40] . The differentiation of MSCs into a specific lineage is enhanced on a matrix designed to create stiffness that is similar to the targeted tissue type [41] . It has also been reported that soft matrices (0.1-1.0 kPa) (which mimic brain tissue) have neurogenic and stiffer matrices (11 kPa) which mimic striated myogenic muscle. Comparatively rigid matrices (34 kPa) which are heavily cross-linked with collagen more commonly initiate bone growth [42] . Stem cells cultured in a medium with a matrix stiffness (31 kPa) similar to the elasticity of infarcted myocardium at day 7 had a greater ability to differentiate into endothelial lineage cells. However, those cells grown in the medium with a relatively soft matrix (4-17 kPa) showed minimal differentiation [27] . The differentiation of ES cells into cardiomyocyte was very limited when cells were cultured on the hydrogel with stiffness similar to that of brain or fat tissue (0.2 kPa) [38] .
Microenvironment stiffness also influences the proliferation of stem cells. The percentage of actively proliferating cardiomyoblasts falls from 23 % to 1 % between embryonic day 14.5 and neonatal day 7 [43] , which coincides with the rise in myocardial stiffness during embryological development [44] . In addition, the marked reduction in proliferative capacity of cardiomyoblasts in vivo between embryonic day 14.5 and neonatal day 7 is surprisingly similar with that of a cell cycle altered by the gel stiffness in vitro [45] .
The environmental stiffness not only influences the survival, proliferation, and differentiation of stem cells, but also influences the function of cells. A series of flexible substrates of hydrogels with stiffness similar to that of embryonic, healthy, ischemic, or fibrotic myocardium have been used to test the effects of stiffness on the contractile output of cardiomyocytes [46] . The matrices with stiffness in the range of 11-17 kPa of the developing myocardial microenvironment were optimal for promoting actomyosin striation and cardiomyocyte beating. The scar-like stiff substrate (35-70 kPa) region that mimicked a post-infarct fibrotic scar lacked striated myofibrils and stopped beating. However, on very soft matrices, cells preserved contractile beating for several days but did very little work [46] . The mechanical output has also been demonstrated using cardiomyocytes differentiated from human pluripotent stem cells that it was the highest on hydrogels with stiffness similar to that of healthy myocardium [47] .
Hydrogel with Optimized Stiffness Improves Stem Cell Efficacy for Heart
Repair
Natural and Synthetic Hydrogel
A variety of natural and synthetically formulated materials have been utilized to determine the effects of stiffness on stem cell mediated heart repair. The natural biomaterial is consisted of a three-dimensional decellularized cardiac ECM which is composed of a network of interstitial collagens. Cardiac ECM demonstrated excellent biological properties for cellular recognition, biocompatibility, and had the potential to degrade through known metabolic processes [48] [49] [50] . These experiments were initially designed as a protective platform for cellular therapy because they can provide many benefits in maintaining the appropriate phenotypic and functional characteristics of cells [51, 52] . Cardiac ECM may improve the survival of transplanted cells via providing a suitable scaffold that structurally and biochemically mimics the native cardiac environment [52] . These ECM also provide many heparin-binding sites that enhance the loading and release of soluble growth factors [53] . A range of stiffness of natural ECM-protein-derived hydrogels are achieved by changing the density of these proteins and altering the surface ligand concentration [54] .
Synthetic materials have several advantages in manufacturability and are typically inexpensive and easily reproducible. Synthetic polymer gels can serve as ECM mimetic scaffolds for stem cell fate control [42, 55, 56] . The stiffness of polymer gels can be adjusted by altering the amount of a cross-linker. Polyacrylamide (PA) is critical for biomedical applications because it is hydrophilic and bioinert. Because of the toxicity of its monomer, acrylamide [48, 57] , it is necessary to characterize their biocompatibility and mechanical properties before being used in vivo [58] . Fibrin glue is a hydrogel that is widely used in surgery, cell culture, and tissue engineering. Both autologous and recombinant off-the-shelf fibrin glues have been extensively used as pro-coagulants during cardiac and other surgeries. Additionally, its angiogenic role following myocardial ischemia makes this an attractive system for possible catheter-based cell therapy of the heart [59] . A semisynthetic hydrogel has also previously been used for cardiac and skeletal muscle regeneration [60] . This type of hydrogel has a distinct advantage over other types of scaffolds because its mechanical properties are highly malleable while leaving the functionality of the encapsulated cells well preserved by the backbone of the polymeric network.
Hydrogel Improves the Function of Stem Cells
Biocompatible hydrogels have been considered in situ as a cell delivery vehicle to improve cell retention, survival, and function following delivery into the ischemic myocardium. The potential of injectable biomaterials for the delivery of stem cells and their roles in myocardium regeneration have been reported previously. Intra-myocardial polymerization of polymers in situ represents one possible solution to address both leakage and clearancemediated cell loss [33] .
A tissue-engineered, hydrogel-based endothelial progenitor cell-mediated therapy can enhance cell delivery, cell retention, vasculogenesis, and preservation of myocardial structure and function [61, 62] . Revascularization and hemodynamic parameters of infarcted heart are significantly improved by injection of cells into the infarct region of optimal stiffness of the PEG-fibrinogen (PF) scaffold [60] . The functional integration of transplanted cells and host myocardium in the ischemic heart is significantly improved [60] .
The phenotype, cell proliferation, and viability of cardiomyocytes are well maintained and are higher in cells cultured with ECM than that of cells cultured without the ECM sheets. It has thus been suggested that natural ECM sheets could be used in the future to improve strategies for cardiomyocyte transplantation [50] . Intramyocardial injection of BMSCs with α-CD/MPEG-PCL-MPEG hydrogel can increase the survival and retention of transplanted cells and vessel density around the infarct zone when compared to BMSC implantation alone [63] . Injection of BMSCs with biomaterials significantly increased the LV ejection function and attenuated LV dilatation [63] . Hydrogel may also provide an ideal delivery system of growth factors for stem cell transplantation. Engineering vasculogenic endothelial cells and angiogenic effector cells with chitosan hydrogel containing VEGF-loaded microtubes significantly prolonged cell survival and effectively induced neovascularization and enhanced vascular repair [64] . Thus, a feasible strategy in cardiac muscle reconstruction would combine the bioengineering of therapeutic cells to facilitate vascularization while delivering them with a support system optimized for the damaged myocardium [60] .
In Vitro Mimicry of Various Myocardial Stiffness and Preparation of Cell
Culture Dishes
It has been well established that a standard culture system with rigid substrate does not effectively mimic the physical or mechanical microenvironment. Stem cells cultured on traditional plastic dishes concomitantly lose their self-renewal and regenerative potential rapidly, as shown by their limited contribution to muscle regeneration following transplantation [62, 65] . Excessive rigidification constrains cell-based cardiac repair by limiting favorable phenotype specifications [15] . Rowlands et al. [66] showed that PA gels containing singular ECM proteins of varying stiffnesses could affect MSC differentiation in a composition dependent manner. It is expected that the results obtained from flexible cell culture substrates will have significant implications for understanding physical effects of the in vivo microenvironment. 
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The following represents a method for preparing a series of hydrogel stiffness for testing the effects of microenvironment stiffness on survival, renewal, and differentiation of cultured stem cells in vitro. The variably compliant polyacrylamide hydrogels are prepared as previously described [67, 68] .
Materials
Cleaning Cover Glass
1.
NaOH, 1 N.
2.
HCl, 1 N.
3.
Distilled water.
4.
250 ml beaker.
Polyacrylamide Gel
1.
No. 1.5 cover glass, 22 mm × 22 mm.
2.
NaOH, 0.1 N.
3.
PBS, 500 ml.
4.
3-aminopropyltrimethoxy saline.
5.
Glutaraldehyde, 0.5 %, mix 357 μl of 70 % stock tightly sealed in zip bags in a closed container at 4 °C.
6.
HEPES, 1 M, pH = 8.5.
7.
HEPES, 50 mM, pH = 8.5.
8.
Acrylamide (40 %).
9.
Bis (2 %).
10.
Ammonium persulfate (Bio-Rad) solution, 10 mg in 100 μl distilled water. Prepare immediately before use.
11.
TEMED (Bio-Rad).
12.
Sulfo-SANPAH (pierce), 0.5 mg/ml in 50 mM HEPES (pH = 8.5), need 200 μl per cover glass. Prepare immediately before use. Handle Sulfo-SANPAH in the dark. Weigh the appropriate amount, add 1 μl DMSO per mg of sulfo-SANPAH. While vortexing the DMSO and sulfo-SANPAH mixture, add 50 mM HEPES at room temperature to obtain the final concentration.
Gel Preparation
Cleaning Cover Glass
1.
Add NaOH solution (1 N) to a beaker and seal the beaker with Parafilm.
2.
Shake the beaker at 100 rpm for 4 h at RT.
3.
Wash the cover glass with distilled water 3 times. 
4.
Add HCl solution (1 M) to the beaker and seal the beaker with Parafilm.
5.
Shake the beaker at 100 rpm for 4 h.
6.
Wash the cover glass with distilled water 3 times.
7.
Add 100 % EtOH to the beaker, then shake for 2 min.
8.
Put a piece of paper tissue in the fume hood; and put the cover glass separately on the paper tissue.
9.
Wait until the cover glass dries.
10.
Sterilize the cover glass through UV exposure for 15 min.
11.
Store cover glass in a petri dish and seal the petri dish using Parafilm for future use.
Preparing Polyacrylamide Gel
1.
Place the clean cover glass on plastic surface and add ~100 μl of 0.1 N NaOH to the cover glass, then smear the NaOH solution with cell scraper until the entire surface of the cover glass is covered. Wait until the NaOH solution dry.
2.
Smear surface with ~100 μl 3-aminopropyltrimethoxy silane using a cell scraper, and then wait for 5 min at room temperature.
3.
Remove the 3-aminopropyltrimethoxy silane by washing the cover glass with distilled water, and then wipe the cover glass with a Kimwipes to ensure that most of the silane is removed.
4.
Collect the cover glass in a plastic container and rinse with distilled water. Place the plastic container on a shaker for 15 min. Remove the distilled water, replace with fresh distilled water, and shake for 15 min, repeat the washing four times.
5.
Remove the distilled water and let the cover glass dry. Place the cover glass on aluminum foil or a metal surface, and then add 0.5 % glutaraldehyde to cover the cover glass. Wait for 30 min at room temperature.
6.
Remove the glutaraldehyde and wash the cover glass with distilled water on a shaker. Make sure the treated surface of the cover glass is always facing up. The cover glass may be stored in desiccator for 2 weeks.
7.
The stiffness of the PA gel depends upon the ratio of acryl-amide to bisacrylamide mix 5 ml of acrylamide solution in 15-ml Corning tubes according to Table 1 .
8.
Put the 15-ml Corning tubes in a vacuum chamber, and degas the solution for 60 min to remove the dissolved oxygen in the solution.
9.
Add 30 μl freshly prepared ammonium persulfate solution, 20 μl TEMED to the Corning tubes, then seal the Corning tubes with Parafilm and swirl the mixture gently.
10.
Transfer 15 μl the acrylamide solution to the activated surface of the cover glass, and then place an un-activated clean cover glass on top of the acrylamide solution droplet to make a cover glass-acrylamide solution-cover glass sandwich.
(Steps 9 and 10 should be finished within 2 min for all the cover glasses.)
11.
Wait until the acrylamide polymerizes. Use remaining acrylamide solution in the Corning tubes as a measure, until the acrylamide solution polymerizes to become gel.
12.
Flood cover glass sandwich with 50 mM HEPES, and then remove the unactivated cover glass with fine tweezers.
13.
Rinse the remaining activated cover glass with the formed polyacrylamide gel with 50 mM HEPES. The gel maybe stored at 4 °C for 2 weeks.
14.
Remove as much liquid from the polyacrylamide surface as possible and add 100 μl sulfo-SANPAH solution.
15.
Place under UV lamp for 5-8 min. The sulfo-SANPAH solution will become dark.
16.
Repeat steps 14 and 15.
17.
Rinse the polyacrylamide surface with 50 mM HEPES to remove excess sulfo-SANPAH solution. Do this quickly.
18.
Add 100 μl fibronectin (20 μg/ml in PBS) to surface for 1 h at room temperature or overnight in 4 °C.
19.
Before plating the cells, expose the surface in UV light for 15 min to sterilize the surface.
20.
Rinse the surface with PBS.
21.
The fibronectin-coated polyacrylamide surface is ready for cell culture.
Notes
1.
Before being used for cell culture, the gels covered with PBS are exposed to ultraviolet light with wavelength of 275 nm for 15 min.
2.
Thereafter PBS is replaced with complete culture medium and cell culture dishes are placed in incubator for 2 h to allow equilibrium.
3.
Stem cells can be cultured in primary or passage culture.
